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mass energy of about 9 TeV. A 7 TeV LHC bunch is used as the proton driver to create a plasma 
wakefield which then accelerates electrons to 3 TeV, these then colliding with the other 7 TeV 
LHC proton beam. The basic parameters of the collider are presented, which although of very 
high energy, has integrated luminosities of the order of Ipb^Vyear. Lor such a collider, with 
a centre-of-mass energy 30 times greater than HERA, parton momentum fractions, x, down to 
about 10^^ are accessible for of 1 GeV^ and could lead to effects of saturation or some other 
breakdown of DGLAP being observed. The total photon-proton cross section can be measured up 
to very high energies and also at different energies as the possibility of varying the electron beam 
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are given. 
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1. Introduction 

The HERA eP machine is so far the only lepton-hadron collider worldwide. Due to its centre- 
of-mass energy of about 300 GeV, HERA dramatically extended the kinematic reach for the deep 
inelastic scattering process compared to previous fixed-target experiments [1]. A broad range of 
physics processes and new insights were gleaned from HERA which complemented the pp and 
colliders, the Tevatron and EER The EHeC project [2] is a proposed eP collider with signif¬ 
icantly higher energy and luminosity than HERA with a programme to investigate Higgs physics 
and QCD, to search for new physics, etc.. This will use significant parts of the EHC infrastructure 
at CERN with different configurations, such as eA, also possible. These proceedings consider the 
possibility of having a very high energy electron-proton collider (VHEeP) with an eP centre-of- 
mass energy of about 9 TeV, a factor of six higher than proposed for the EHeC and a factor of 30 
higher than HERA. 

The VHEeP machine would strongly rely on the use of the EHC beams and the technique 
of plasma wakefield acceleration to accelerate electrons to 3 TeV over relatively short distances. 
Given such an acceleration scheme, the luminosities will be relatively low, ^(pb^'). Given such 
an increase in centre-of-mass energy, the VHEeP collider will probe a new regime in deep inelastic 
scattering, particularly at low values of the probed fractional parton momentum, x. These proceed¬ 
ings will look at first investigations of the physics potential of such a collider as well as first ideas 
of its technical implementation. 

2. The VHEeP accelerator and detector 

Given the limitation in the accelerating gradient for RE cavities of about lOOMV/m, due to 
structural breakdown, a future collider with electron energies at the TeV scale requires an accel¬ 
erator of lengths 10s of kilometres. Using a novel technique, plasma wakefield acceleration [3], 
gradienfs up fo abouf lOOGV/m have been observed [4], alfhough fhere are many challenges fo 
be overcome before fhis scheme can be used in a real accelerafor. Plasma wakefield acceleration 
overcomes fhe limifafion on fhe accelerating gradienf as fhe plasma is already ionised ilself. The 
phenomenon of plasma wakefield accelerafion relies on a compacf particle or laser beam fo drive 
fhe process in plasma. In fhe case of a profon beam, fhe free plasma elecfrons are affracled fo fhe 
incoming beam, overshoof and creafe regions of high posifive charge densify due fo fhe ions which 
have remained sfafic during fhis process. The plasma elecfrons are affracfed fo fhese regions of 
high posifive charge and so an oscillafing mofion of fhe elecfrons is sef up in which a sfrong accel- 
erafing gradienf is inifiafed in fhe direction of fhe profon beam. Given fhe high energy of existing 
profon beams, fhey could accelerate a wifness bunch of elecfrons injecfed info fhe wakefield fo 
fhe TeV scale [5]. Profon-driven plasma wakefield accelerafion has so far nof been demonsfrafed 
experimenfally and a collaborafion, AWAKE, has been formed fo show fhis using fhe CERN SPS 
beam [6]. The aim is fo sfarf faking dafa in 2016 and, in an initial 2-year running period, demon- 
sfrafe ^(GeV) acceleration of electrons within 10 m of plasma. 

Simulations have shown that using the 7 TeV EHC proton beam as designed, electrons can 
be accelerated to 3 TeV in 4 km [7], about a factor of 10 less than needed for conventional RE 
acceleration. Eor the VHEeP collider, such an electron beam is then assumed to collide with the 
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other 7 TeV LHC proton beam, giving an eP centre-of-mass energy of about 9 TeV. This is shown 
schematically in figure 1(a). The emphasis is on using current CERN infrastructure where possible, 
i.e. the LHC with minimum modifications. To obtain a new beamline within the LHC ring, high- 
gradient magnets will be needed to provide a smaller bending radius. It is also assumed that the 
electron beam energy can be varied within the constraints of the length of the accelerator structure 
and so varying up to the maximum possible is assumed; this is motivated by the possibility to 
measure extra physics processes. 



Figure 1: (a) Sketch of VHEeP collider. One of the proton beams from the LHC is used as a driver to 
accelerator electrons which subsequently collide with the other LHC proton beam. The eP interaction point 
is indicated, (b) Sketch of VHEeP detector showing the need for a central, conventional collider detector 
and a long arm of spectrometer detectors to measure the scattered electrons and hadronic final state at low x. 

Although the energy of VHEeP will be very high, obtaining high luminosities will be, as with 
all plasma wakefield acceleration schemes, a challenge. The luminosity is determined using the 
standard formula for a collider. 


^_ f-Ne-Np 

A Tl Ox-Oy' 

It is assumed that about 3000 bunches are delivered every 30 minutes, giving a frequency, /, of 
2 Hz. The number of protons, Np, and number of electrons, Ne, per bunch are 4 x 10^^ and 1 x 
10^ ^ respectively. Assuming a beam cross section, Ox ~ Oy, of 4 /im, gives a luminosity of 4 x 
10^^ cm^^ s^^ Running the collider for a large fraction of the year gives an integrated luminosity 
of about 1 pb^Vyear. 

Therefore, the expected luminosities are lower than were achieved at HERA and significantly 
lower than proposed for the LHeC. Hence, for the VHEeP facility, a physics case needs to be 
made for eP physics at very high energies, but moderate luminosities and is the initial focus of the 
subsequent sections in these proceedings and will be for further studies of the VHEeP accelerator. 

3. Physics at VHEeP 

An initial list of some of the possible areas of investigation for a high energy eP collider with 
moderate luminosities are: 

• Measurements of cross sections at very low x and investigation of saturation; 
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• Investigation of contact interactions, e.g. radius of quarks and electrons; 

• Measurements of the total yP cross section at high energies and at many different energies. 
This will allow a precise determination of its energy dependence and its relation to cosmic- 
ray physics can be investigated; 

• Investigation of the structure of the proton and photon, in particular the longitudinal proton 
structure function, iy,, which will also profit from the possibility to change the beam energy 
as well as results from eA scattering; 

• Further tests of QCD such as extraction of the strong coupling at high energies. 

In these proceedings, the first is investigated in more detail, whilst the others will be pursued 
in the future. This list is not exhaustive and there may be other interesting possibilities. 

In order to investigate the results of eP collisions at a centre-of-mass energy of 9 TeV, the Ari¬ 
adne 4.12 Monte Carlo programme was used to generate events over a wide kinematic region. 
The exchanged boson virtuality, Q^, was required to be above 1 GeV^, the squared photon-proton 
centre of mass energy, VT^, was required to be above 5 GeV^ and the fraction of the proton’s mo¬ 
mentum carried by the struck quark, x, was required to be greater than 10^^. The requirement on 
X was due to technical issues running the generator at such low x and will be relaxed in the future. 
A test sample with an integrated luminosity of about 0.01 pb^^ was generated. Investigation of the 
scattered electron showed that a kinematic peak at 3 TeV is observed with the electron scattered at 
very low angles, essentially along the beamline axis. This then requires detectors at shallow angles 
along the beam to measure the scattered electron. The hadronic final sfafe covered all polar angles 
and so a conventional colliding-beam defector will be needed. However, af low x, the hadronic 
final sfafe is produced af low angles and fhe angle is essentially zero and along fhe beamline for 
X < 10^®. This again requires insfrumenfafion along fhe beamline. A skefch of a defecfor sysfem is 
shown in figure 1(b), where a series of specfromefers are needed in which fhe hadrons or elections 
are benf away from fhe beamline and measured in dedicafed defectors. 

Disfributions of the kinematic variables describing deep inelastic scattering, x, and the 
inelasticity, y, are shown in figure 2 along with the correlation of and x. As expected, the 
distributions peak at low values of x, ^ and y, with a strong correlation between x and Q^, also 
showing that once the technical Monte Carlo cut on x is removed, values of x 10^^ for > 
1 GeV^ are possible. 

4. The photon-proton cross section at low x 

With such extended reach in x, VHEeP can be used to investigate the nature of the proton at 
very low parton momentum fractions, investigating the onset of saturation or other phenomena not 
described by standard QCD evolution of the parton densities. A complementary approach is to 
consider the cross sections as a function of 1 /x or the coherence length, 1. The coherence length is 
the distance over which a quark-antiquark pair can survive having come from a photon radiated by 
the incoming electron. If the cross sections become the same as a function of (^, the photon states 
have had enough time to evolve into a universal size. 


4 



VHEeP: A very high energy electron-proton collider 


M. Wing 



OT 

C 

( 1 ) 

i 3 10" 


10 

10' 

10 


> 

CJ 2.5 


O 1.5 




'Mt 


■ 'Vt'ilt#, 


0 0.2 0.4 0.6 0.8 1 

y 


1 

0.5 

0 


Wjit,*, . . 




20 40 60 80 100 

(GeV^) 





-6 


-4 


-2 


logiox 


Figure 2: Kinematic variables, x, and y, and the correlation between and x generated with the Ari- 
DANE Monte Carlo generator. For technical reasons, the events were limited to have an x value above 10^^. 
The number of events is plotted for a luminosity of about 0.01 pb^*. 

Initially the photon-proton cross section, versus I, according to the definition by Stodol- 
sky [8] (Z = he/{2 {x)Mp)), is shown for the HERA data [1] in figure 3. The dafa exfend up fo 
Z ~ 3 X 10^ fm which corresponds fo x ~ 3.5 x 10^^. The dafa are well described by a fif for each 
value using fhe simple paramefrisafion ao Z^. The figure also shows thaf the fits are converging 
for increasing Z and that it is expected that the cross section becomes independent of at large Z 
(or small x). 

Figure 4 shows the fits for selected values extrapolated to higher Z, where the fits cross 
at a value of Z ~ 3 x 10^ fm or x ~ 3.5 x An indication of the largest Z values that can 

be measured at VHEeP for each Q value is also shown. This demonstrates that measurements at 
Q^< 1 GeV^ will be very important in order to measure the region where the cross sections are 
expected to unify. However, in the region I < < lOGeV^, a very large number of events will be 

collected, even with the relatively low luminosities, and so able to constrain the fits for Z > 10® fm. 
At higher Q^, there will also be significant amounts of data, also at higher Z than was measured 
at HERA, and so will significantly constrain the extrapolation of the fits to higher Z. Further and 
more quantitative studies are needed, but already these initial investigations show that VHEeP will 
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Photon-Proton Cross Section 



Figure 3: The photon-proton cross section, (7^^, shown versus the coherence length, /, for HERA data [1] 
at fixed values of in the range 0.25 (top points) to 200 GeV^ (bottom points). The data are fit for each ^ 
value with a function Ob l^ ■ 

be able to constrain the onset of saturation in the proton. 

5. Summary and outlook 

In these proceedings, an idea for a very high energy electron-proton collider, VHEeP, has 
been presented. Although of modest luminosities, 1 pb^Vyear, the centre-of-mass energy of 9TeV 
opens up a whole new kinematic region in eP collisions. Initial studies already indicate that effects 
such as saturation in the proton could be observed. More work on developing a broad physics 
programme for VHEeP is ongoing. 
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Figure 4: Fits of (JqI^ extrapolated with uncertainties to high / (low x) for selected values. The upper 
kinematic limit of where VHEeP measurements will end is indicated (black vertical lines). 
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